Citation: ERLANDSON, T. et al, 2003. Environmental and human factors influencing thermal comfort of office occupants in hot-humid and hot-arid climates. Ergonomics, 46 (6) The effects of environmental and individual factors on thermal sensation in air-conditioned office environments were analysed for two large, fully compatible thermal comfort field studies in contrasting Australian climates. In the hot-humid location of Townsville, 836 office workers were surveyed; 935 workers participated in hot-arid Kalgoorlie-Boulder. Overall perceived work area temperature and measured indoor operative temperature correlated moderately with thermal sensation for Townsville (T) subjects but only perceived temperature correlated with KalgoorlieBoulder (KB) sensation. Multiple regression analyses confirmed that indoor climatic variables (including Predicted Mean Vote) contributed to actual thermal sensation vote (24% T; 15% KB), with operative temperature having more of an effect in T than in KB.
This item was submitted to Loughborough's Institutional Repository by the author and is made available under the following Creative Commons Licence conditions.
Introduction
The adaptive model of thermal comfort predicts that humans become adapted to the thermal environments to which they are most exposed (de Dear and Schiller Brager 1998) . As air-conditioning in hot climates becomes more prevalent in the office, home and car, satisfying demanding occupants will lead to excessive energy consumption (Cena and de Dear 2001) . Temperature settings for air-conditioned offices are often based on calculations of thermal neutralities by the Fanger (1970) comfort model which do not consider individual factors affecting thermal sensations in real settings. Recently, four benchmark studies sponsored by the American Society of Heating, Refrigerating and Air-conditioning Engineers (ASHRAE) were conducted in San Francisco, USA (Schiller et al. 1988) ; Townsville, Australia (de Dear and Fountain 1994) ; Montreal, Canada (Donnini et al. 1997 ) and
Kalgoorlie-Boulder, Australia (Cena and de Dear 1999) . The two Australian studies of airconditioned buildings in hot-humid Townsville and hot-arid Kalgoorlie-Boulder, given their full methodological compatibility, were chosen for comparison in the present paper.
Data from the Australian studies were analysed for the contributions of occupants' personal factors (gender or anthropometry, for example), as well as various cognitive variables, to their subjective thermal responses. In order to discriminate between these contributions and any indoor climatic effects, the data were first corrected for the climatic determinants and then the thermally unexplained residuals were analysed for individual effects. As these surveys were performed in hot outdoor climates, contrasting in humidity levels, they also provided a unique opportunity to compare human factor effects on indoor thermal comfort in two distinct climatic contexts.
Methods
Thermal comfort field surveys of air-conditioned office buildings were conducted in the hothumid climate of Townsville, in north-eastern Australia (de Dear and Fountain 1994) and hotarid climate of Kalgoorlie-Boulder, south-western Australia (Cena and de Dear 1999) . A high degree of compatibility was maintained between these ASHRAE studies for climatic and subjective data. Measurement protocols were the same for both locations and instrumentation also met prescriptions of ASHRAE 55-92 (ASHRAE 1992) and ISO 7726 (ISO 1985) Standards in both studies. Questionnaires routinely used by ASHRAE were replicated with minor climate-specific modifications. To further ensure compatibility, one of the principal investigators took part in both surveys and the two Australian locations were considered to be culturally comparable.
The tropical location of Townsville has a 'wet' summer season during which most of the annual rainfall occurs, and a 'dry' cooler season. Thermal comfort studies were performed in both seasons. The mean minimum and maximum daily outdoor temperatures for the dry season sample period were 14.0 and 24.0° C, respectively. Average minimum and maximum outdoor temperatures during the wet season sampling period were 24.8 and 29.3° C, respectively. Mean daily 6 a.m. outdoor relative humidity was 83% in the wet season. In contrast, Kalgoorlie-Boulder is situated in a desert region with minimal rainfall (258 mm typically falling on fewer than 65 days per annum). Data were collected during both summer and winter. Average minimum and maximum daily outdoor temperatures during the winter study period were 9.6 and 18.5° C. The summer survey had mean minimum and maximum outdoor temperatures of 16.7 and 30.7° C. The average daily 9 a.m. outdoor relative humidity was only 39% during summer.
The Townsville dry and wet season studies had sample sizes of 628 and 606 respectively, giving a total of 1,234 sets of data from 12 air-conditioned office buildings. Kalgoorlie-Boulder subjects. Two standard questionnaires (used in all ASHRAE benchmark studies) were administered in both locations, identified as the 'Online' and 'Background'
forms. The short 'Online' questionnaire was completed by subjects while their workstation's indoor climate was assessed. Simultaneous ratings of thermal acceptability, preference and thermal sensation on a semi-continuous ASHRAE seven-point scale ranging from 'cold' (-3) through 'neutral' (0) to 'hot' (+3) were recorded. The 'Online' form also included metabolic activity (office work) and clothing insulation checklists from ASHRAE Standard 55-92
(ASHRAE 1992). The comprehensive 'Background' questionnaire was generally completed at the same time as the 'Online' form, but addressed demographics and long-term opinions of personal work area satisfaction, job satisfaction, environmental control and health, using
Likert or graduated scales with no 'neutral' mid-point.
In order to analyse the subjective thermal sensation vote for the possible effects of personal factors and perceptions, the data were first corrected for any variations in the actual indoor climate. The raw data were adjusted for indoor operative temperature, vapour pressure, air velocity, clothing insulation and metabolic activity by multiple regression, where these had significant effects, after which the residual variances in the data were tested for the impact of the personal characteristics and finally, overall perceived work area temperature. In an alternative approach, the raw data were corrected using the Predicted Mean Vote (PMV) index (Fanger 1970) which integrates six key factors in the human heat balance. The PMV index is derived from air and mean radiant temperatures, vapour pressure, air velocity, clothing insulation and metabolic rate, and is expressed on a continuous version of the ASHRAE seven-point scale. To investigate an overall effect of the personal factors, as opposed to the linear effects explored in the regression analyses, the residuals after correction for PMV were split into groups of high and low values for each factor tested, and the 100 subjects with the highest values were contrasted with the 100 lowest subjects using Mann-Whitney tests on the parameter of interest (Havenith 2001) .
Results
Significant correlations (Spearman Rank) were identified between thermal sensation and several physical and subjective thermal variables in Townsville and Kalgoorlie-Boulder ( However, a significant difference in median thermal sensation was observed between
Townsville respondents who were generally satisfied with various aspects of their job Mann-Whitney analyses, corrected for PMV, using the Kalgoorlie-Boulder sample (two seasons pooled) also showed no significant differences in median thermal sensation between young and old occupants (Z= -1.8; p>0.05), between respondents with low and high body surface areas (Z= -1.4; p>0.05), between subjects with low and high body surface to mass ratios (Z= -1.3; p>0.05), between participants on medication and those not (Z= -0.18; p>0.05), between non-coffee-drinkers and heavy coffee-drinkers (Z= -0.12; p>0.05), nor between non-exercising and heavily exercising respondents (Z= -0.20; p>0.05). There were no differences in median thermal sensation between subjects working short and long hours per week (Z= -1.0; p>0.05), between occupants generally satisfied (mean score of 82 out of possible 90) and dissatisfied (55 out of 90) with various aspects of their job (Z= -0.57; p>0.05) or work area (Z= -1.4; p>0.05), nor between individuals perceiving themselves as environmentally insensitive and hypersensitive (Z= -1.6; p>0.05). However, there were significant differences in median thermal sensation between Kalgoorlie-Boulder males and females (Z= -4.8; p<0.001) and between subjects self-reporting infrequent (average score of 13 out of possible 50) and frequent (34 out of 50) ill-health symptoms (Z= -2.7; p<0.01).
Median thermal sensation also differed significantly between early (median time 09:00) and late (16:00) survey times (Z= -2.7; p<0.01), between non-smokers and heavy ( 
Thermal comfort variables
Occupants' thermal sensation at time of interview correlated strongly with their overall perceived work area temperature in both Townsville and Kalgoorlie-Boulder. Assuming that, for example, subjects thought their workspace warm on average, then they tended to vote warm when asked how they felt 'right now' or vice versa. This suggests that the survey instructions which prefaced the ASHRAE seven-point thermal sensation scale, and focused on personal (not environmental) thermal sensations, may have made a subtle distinction that was missed by the respondent. It is possible that ASHRAE thermal sensation and overall perceived work area temperature questionnaire items were simply different ways of assessing the same underlying construct of subjective sensation, except that one used a continuous scale while the other relied on six adjectival descriptors. The fact that actual indoor climatic conditions were largely irrelevant to variations in thermal sensation was not unexpected given the typically static thermal surroundings of centrally air-conditioned buildings. In fact, for
Kalgoorlie-Boulder respondents, overall perceived work area temperature appeared to be most strongly linked to thermal sensation as none of the climatic factors analysed had a significant relationship, suggesting that subjects were not successfully differentiating their instantaneous thermal sensations from longer-term, general thermal impressions of their workstations. In contrast, Townsville subjects' thermal sensation was observed to fluctuate with operative temperature. Their reaction to changes in indoor temperature suggested varying opinions of their workplace thermal conditions rather than just expectations.
Preference for workspace air movement at the time of interview had fair positive correlations with thermal sensation (as thermal sensations increased so did requests for more air movement) for both locations and concurrent air movement acceptability had a fair negative correlation in Kalgoorlie-Boulder, indicating that air movement was rated as less acceptable, and more was desired, as subjects felt warmer. These data clearly did not support the principle of 'cool, dry air' underpinning contemporary HVAC comfort standards (ISO 1994 , ASHRAE 1992 . General preference for work area air movement (scale was reversed in 'Background' questionnaire hence opposite effect sign) had a fair negative correlation with thermal sensation only in Kalgoorlie-Boulder, highlighting the particular connection of longer-term, overall ratings and opinions with the instantaneous thermal responses of subjects at this location.
Non-thermal factors
As the data had previously been analysed for the basic thermal comfort variables, stepwise regression analyses were applied to see if there were any non-thermal or other subjective influences on thermal sensation after accounting for climatic factors. However, no linear effect on subjects' sensation was observed for gender, age, body mass and surface area, pattern of smoking, drinking coffee or exercising, survey time, hours worked per week, work area and job satisfaction, health, or perceived environmental sensitivity. Townsville thermal sensation was predicted mainly by indoor operative temperature (explained 22% of variance in sensation) and overall perceived work area temperature (an additional 7% of variance).
Kalgoorlie-Boulder analyses also showed that indoor operative temperature (responsible for 7% of variance in thermal sensation) and overall perceived work area temperature (an additional 12% of variance) were the main predictors of the actual thermal sensation. These results may suggest a difference between the two locations in the primary factor provoking thermal impressions, with Townsville subjects considering more the physical indoor conditions, and Kalgoorlie-Boulder participants referring more to general opinions and expectations, when casting votes on the ASHRAE seven-point scale. The coefficients of determination were low but this was expected based on the minor variations in temperature, and hence thermal sensation, found in air-conditioned buildings (de Dear and Schiller Brager 1998, Schiller Brager and de Dear 2000) . As sample sizes were greater than 1000 subjects for both locations, these results were statistically significant. Predicted Mean Vote (PMV) which combines indoor air and mean radiant temperatures, vapour pressure, air velocity, clothing insulation and metabolic rate was used alternatively as the initial predictor. The explained variances in thermal sensation were 3% in Townsville and 6% in Kalgoorlie-Boulder using PMV and were lower than when the specific climatic variables were regressed. However, subsequent analyses of individual factor effects were not different between the two approaches. It is noted that air movement seemed to be more essential for thermal comfort in Kalgoorlie-Boulder than Townsville with the small but significant prediction of thermal sensation by indoor air velocity and also the correlations with concurrent air movement acceptability and general air movement preference.
Data were analysed using Mann-Whitney tests for significant differences in median thermal sensation between obverse (generally high and low) groups of several non-thermal variables after correction by PMV for climatic effects on thermal sensation. Townsville subjects with higher job satisfaction recorded lower median sensations, closer to 'neutral', suggesting increased thermal comfort for these occupants. In Kalgoorlie-Boulder, males, healthier subjects, non-smokers, respondents with earlier survey times and underweight occupants had significantly lower median thermal sensations. The issue of non-thermal considerations affecting human thermal comfort therefore requires further investigation in office environments in various climates. Erlandson et al. (2002) recently observed that Kalgoorlie-Boulder female subjects, although in similar thermal environments to males, typically felt very warm and were thermally dissatisfied, particularly in winter. It was also found that the non-thermal aspect of job satisfaction correlated with thermal acceptability and it was thought that clothing insulation levels could have been adjusted more frequently by females to adapt to their work environment.
Effects of clothing insulation
Mean clothing insulation levels were comparable between Townsville and Boulder recorded nearly neutral mean sensations in summer (+0.1) which increased to marginally warmer than neutral in winter for males (+0.3) and females (+0.6). Clothing modification may provide an obvious and simple strategy for individual adaptation to the indoor climate (Cena and Clark 1981 , Morgan and de Dear 1999 and for reduction of energy costs due to office overcooling in hot climates. Clothing adjustments, however, are often restricted by social standards and office dress codes. In general, respondents in these two studies appeared to be dressing appropriately for their thermal conditions, although Kalgoorlie-Boulder females could perhaps have better utilised clothing adjustment to provide greater personal comfort during winter. Average metabolic rates of 1.3 met in both locations represented typical sedentary activities of office workers and did not suggest any major adaptive opportunity through change in behaviour in hot environments. There was no evidence that Townsville or Kalgoorlie-Boulder office workers were performing their duties with less effort and at lower metabolic rates than their counterparts in cold climates.
Gender considerations
Previous analyses showed no difference between Townsville males (24.2° C) and females (24.3° C) in the indoor operative temperature at which thermal sensation was most frequently 'neutral' (de Dear and Fountain 1994). However, despite similar thermal conditions for both genders, significantly more females than males were dissatisfied with the thermal environment at the time of survey. Other data analyses showed that significantly more Kalgoorlie-Boulder females than males under comparable conditions also found the concurrent thermal environment unacceptable (Cena and de Dear 2001) . In winter, significantly more females than males perceived their work area as 'moderately' or 'very warm' on average (31% of females; 16% of males) and were dissatisfied with work area temperature in general (Erlandson et al. 2002) . Previously, gender differences in the thermal response have been partially attributed to clothing insulation levels (Karyono 2000) .
However, clothing levels were approximately equivalent for Townsville males and females and Kalgoorlie-Boulder females wore about 0.1 clo less than males, so females could have felt slightly cooler than males under the same conditions. It is speculated that other nonthermal workplace considerations (for example, job satisfaction) were affecting the thermal perceptions of females in both locations.
Thermal neutralities
Townsville thermal neutralities were 24.2° C and 24.6° C according to the ASHRAE thermal sensation scale (de Dear and Fountain 1994) in the dry and wet seasons, respectively, compared to 20.3° C in winter and 23.3° C in summer for Kalgoorlie-Boulder (Cena and de Dear 1999) . Average thermal neutrality for all subjects was about 4° C higher in Townsville than Kalgoorlie-Boulder when comparing the dry and winter seasons. Townsville subjects were insulated about 0.15 clo less than Kalgoorlie-Boulder subjects on average so would have been able to tolerate temperatures approximately 1.5° C warmer. For wet and summer seasons, Townsville subjects had a neutral temperature around 1° C higher than their Kalgoorlie-Boulder counterparts, while the two locations had comparable mean clothing insulation levels. The higher neutralities of Townsville subjects perhaps indicated that they were somewhat acclimatised to their hot outdoor environment and this may have been aided by the relative lack of air-conditioning at home (85% of subjects reported not using or not having air-conditioning in their homes in wet season). The lower Kalgoorlie-Boulder neutralities implied that these respondents may have adapted to the cooler conditions of their indoor environment; nearly 50% of them were using air-conditioning at home in summer. It may also have been the case that Townsville subjects, because of their heightened thermal sensitivity, were using clothing adjustment more effectively than Kalgoorlie-Boulder participants to promote their thermal comfort and were hence able to tolerate higher temperatures. Saving energy by raising office temperatures might therefore be possible in hot environments and should be subject to further research..
Conclusions
(1) The hot climatic conditions of Townsville and Kalgoorlie-Boulder differed mostly in terms of outdoor humidity levels; other factors were highly comparable for the two large thermal comfort field experiments.
(2) Townsville subjects wore less clothing on average in both seasons than Kalgoorlie-Boulder respondents, reflecting lower mean thermal sensations and higher neutral temperatures based on the ASHRAE thermal sensation scale. Clothing adjustment therefore presents an opportunity to reduce energy consumption due to excessive indoor cooling in hot climates.
(3) Thermal sensation was predicted by indoor operative temperature and overall perceived work area temperature in Townsville and Kalgoorlie-Boulder. Townsville participants were slightly more sensitive to the physical thermal conditions at their individual workstations whereas Kalgoorlie-Boulder subjects' longer-term thermal opinions and expectations of their workstations were more connected to their concurrent thermal assessments. (6) Higher job satisfaction was linked to lower median thermal sensation and possibly higher thermal comfort in Townsville. Males, healthier subjects, respondents with earlier survey times, non-smokers and underweight occupants had significantly lower median thermal sensations in Kalgoorlie-Boulder. Non-thermal factors (for example, job satisfaction or gender) not currently considered in thermal comfort standards require further investigation for effects on workplace thermal comfort.
(7) Males and females responded differently to comparable indoor thermal environments in both hot-humid Townsville and hot-arid Kalgoorlie-Boulder. It is suggested that other non-thermal workplace considerations impacted on their thermal perceptions and these need to be further investigated.
(8) Townsville subjects appeared more acclimatised to the hot outdoor climatic conditions than Kalgoorlie-Boulder occupants, perhaps due to markedly less airconditioning in hot-humid Townsville home environments. This indicates that saving energy by raising office temperatures might be possible in hot environments and that variable workplace thermal conditions may lead to greater acceptance by occupants. 
